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FOREWORD

This survey has been prepared for the Office of Naval Re_,search in

an effort to larify the nren ent state of ki>. -"ledge regarding th• aerc

dynamics of ducted propellers. It is hczcd thwi:ll •_•.le

the reader to acquaint himself with the basic problems involved, the work

that has been done up to the present time, its relative significance, and

the areas in which further reeze•ch to be needed.

A large number of individuals, compwiies, universities and government

agencies (United States and foreign) have contribute(, to tie survey. The

authors wish to acknowledge the assistance and cooreration of those who

were visited and of those who were helpful in proiding reference material.

As many references as available, free from security and other restrict-

icns, have been included in this report. In some cases refer.nces were

!p. oviduJ• J th ontractor without the assurance that additional copies could

I be -ade available for further distribution. Information on the source

i of each document is given to the extent known. Most of the German

publications can be Thtain-d from Aerodynamische Versuchs;-:,stalt Gdttirgen

(AVA,, if they are not available in the United States.

i
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I
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1. SUIt.,APY

A critical survey is made of the state of the art of ducted propellers.

The sarvey is diided generally into theoretical and- experimental research,

and a -omprehensive table of the latter is presented showing the type and

extont of cxoperimental investigations carried out. Specific reports are

discussed where appropriate, and various aspects of the ducted propeller

problem are considered in some detail. Finally, a swrmary of the state

of the art " presented along with some recommerIat4,-.ns for future research.
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2. INTRODUCTION

The first serious experimental work on ducted propellerz was evidently

puiblished in Italy in 1931 by Luigi Stipa (Ref. 97) who conducted s÷-stemnatlc

wind tunnel tests which clearly indicated the benefits to be gained by duct-

ing or shrouding the propeller for static operation and low speed flight.

Stipa's experiments, in which the propeller was placed essentially ;,t the

leading edge of a long hollow fuselage, were based on theoretical reasoning

by Stipa, dating back Lo abou L 127 (btt M. .. ")j, .. W.I.. .he LAenu thle

ducted propeller to an extended nozzle discharging from a plenum chamber.

The results of Stipa's experiments were so promising that the Italian

Gcver•i•rent actually built an experimental airplane whose hollow fuselage

comprised the ducted propeller. The control surfaces extended into the

-lipstream, and the airplane exhibited increaned maneuverability and

reduced landing speed (Ref. 99)_

For some reason, however, in reports eminating from Europe, credit

"" •r the invention of the ducted propeller has generally been given to Kort

(Ref. 39) whose paper was published in 193h in Germany. In fact, the ducted

propeller is frequently referred to as the "Kort nozle. On the other hand,

a _Ris .... PaPer, by Soloviev and Churmack (Ref, 9h), published in 1948, con-

tains a rather lengthy discussion which refers to a Russian paper by F. A.

Bricks datea 1887 and therefcre states:

"1These facts should prove that the i-ýussian technological

concp••t has priority over others and that the idea of adapting

guide nozzles in hydraulic and aeronautical propellers should

be credited to .ussi..- scientists."

2
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;,,ihever, the cia::747al experiments of Krruger (Ref. 41) were evidentiy

(,.,•ried out in Germany somewhat earlier than the comprehensive -i.

exp -imental work reforred to in Reference 94. The analytical work of

P -rence 9b also shows a strong similarity to the work of ti'chemann and

(Ref. 46), whose an rl wab Lhe basis for KrUger's experiments.

Since these early experiments in the 1301s, interest in the ducted

-ro. -iler has become more widespread, particularly now that hovering

flight and vertical take-off have become entirely feasible. Consequently,

resem-rch has since been carried out on this subject in a number of other

countries including the Netherlands (iiefs. 105. 106), France (Ref. 56),

Enaland (Refs. 57, ...(Ref 75-78. 90.

of O UI W' V..

ofteni hnwevor, wn Anve~tiP,,t!ipn, partlqul~y in. the United. 5titesj

p~t~ll,,olt~tly ~ li J :/ .flj~tiDflrfrTA1 t~t! /ll, !,ts¶i €IS f• w)l~ ¥ th f•, yit i~tP!lijJl~ #t*f)bf•l , O!

the problem, ano a coordinated re~e-,rch program has evidently been lack-

ing. As a result, it is difficult to find in the literature consistent

and meaningful results which are directly applicable to the general ductefr

propeller problem. In order to alleviate this situation, the Office of

Naval Research awarded a contract (Nonr 2677...)) to the Advanced ..searc.h

------------ f C ~ u paln ± ~ryii'g out

a Lical survey of all availablc infomnation on ducted propellers.

2.1 Approach to th.e. Ore-

The aim of this survey is to produce a clear picture of the state of

the -t and to indicate possible areas of future research, In order to do

thiF, the following approach was taken:

Best Avai Co 5
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S1i. All pek ui:..ent material for which our own library already had

reference information was acquired, all reports listed as references

therein were obtained, and so on. The services of ASTIA were also

oenlisted.

2. Letters of inquiry were sent out to all known authors and investi-

Jgators in the field of ducted propellers both in this countr, and

abroad. The companies, agencies and institutions which were con-

J tacted are listed in Appendix A.

J. All references in the mallerial thus acquired were checked out.

4. All ducted propeller material was read and reviewed by at least

7, one research aerodynamicist.

"5. The results of this IiLera'cure study were analyz%:A and personal

"visits were then made where appropriate. In some cases, tele-

phone conversations and further correspondence were carried on.

Visits wre, made to the following companies, agencies and

institutions.

Davi( Taylor Model Basin, Wasbi rgton, D. C.

1 fDoak Aircraft Companry, Torrance, California

.East+ern Research Group, New York, New York

A Grmimman Aircraft Engineering Corporation. Long Island, New Yor.-

I Massachusetts Institute of Technology, Cambridge, Massachusetts

NASA Langley, Langley Field, Hampton, Virginia

ONR, Air Branch, Washington, D. CO

Princeton University, Princeton, New Jersey

B L est Availeb b (1
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United Aircraft Corporation, Hamilton Standard Division, Windsor,

Locks, Connecticut

United Aircraft Corporation, Research Department, Last Hartford.

Connecticut

Vertol Aircraft Corporation. Morton, Per.sylvania

6. On the basis of all of the information assimilated, the present

report was prepared.

2.2 DucLed xan cfl ,im

During the progress of the survey reported herein, a sympositu was

held at the Massachusetts institute of Techno.og. :"or the purpose of pro-

moting an exchange of information among the various investigatoro• in the

field of ducted propellers. A list of the organizsticns in att.-dance and

the papers made availabli, th-rough that symposium are presented in Appendix B.
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3. GENERAL CONSID7ATTONS

3.1 Definition and Scope of Problem

In the present paper, the terms ducted fan end ducted (or shrouded)

propeller are considered to be synonymous. in either case, we shall

mean a propeller or fan which is circumscribed by a thin ring whose sole

aerodynamic purpose is to increase the thrust produced by the ent-re =uit1

If the ring ceases to be thin in the axial direction, that is if the lateral

extent of the ring kpproaches or exceeds its axidal length, then the unit

shall be considered as a fan-in-wing arrangement and will be treated sen-

arately. It seems clear that the fan-in-wing represents a different orob--

lem, since the circulation flow round the "duct" is restricted and modified

by its lateral extent, particularly during static operation.

1 The ducted nroneller is also distinguished from the compressor by

virtue of its intended purpose; namely, that of producing thrust. The

purpcse o7f the compressor, on the other hand, is simply to produce an in-

cre,.se in oressure across the Propeller diský That thes1 ._ nrnoses are
not necessarily compatible can Perhaps best be demonstrated by considering

the "efficiency" of a compressor and comparing it with that of a ducted

propeller. This will be done in the following section.

3.2 Static Efficiency

The efficiency of a crmpressor in the static condition is defined in

terms of the pressure rise Ap and the voluretric flow A v, where A is the
p p

fan disk area aid v is the average velocity through the disk. Thus
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A(1)

where P is the power input. Since the numerator represents the energy

added to the flow through the compressor, this expression can be written

in the form

slipstream kinetic energy (2"
Spower input/

Now equation (2) can easi'1y be applied to the open (unshrouded) propeller

in the static condition, for which the slipstream velocity is just twice

the velocity through the disk (Ref. 22) Thus, since the thrust T is

equal to the rate of change of momentum,

T =0 A v (2v) (3)

where Ap is now propeller disk area. The static efficiency would there-

fore be, from equations (2) and (3),
1

p A v (2v) 2 T/T/'

Since this expression is identical with the usual "figure of merit" M used

in helicopter uerformarce., it is clear that, in the case of the open pro-

peller, compressor efficiency is synonymous with hovering (thrust producing)

efficienc.yo

Now let us cons:der the ducted propeller ir. the same manner. Here

the final slipstream velocity vf is no longer equal to twice the velocity

through the disk) so we have• in terms of the final wake area, A,,

T- o ,1. vf (5)

A.1IA 2k~Cp



and
SpA f Tf T, 46)

"2P 7P p

Since the area of the final. wake of a ducted propeller is not known a priori-

and is not easily measured•, it is useful to express Af in terms of the

di.vision of thrust T.p/T where Tp is the portion of thrust carried on the

propeller. By application of Bernoulli's equation ahead of and behind the

propeller disk, it can easily be shown that (if the duct losses are small

compared with the disk loading) the pressure jump Ap across the propeller

disk is equal to the dynami: pressure of the final wake, Thus, the pro-

peller thrust is simply

T , A.0 1 2 (7)Tp p f p

Therefore, From equations (5) and (7),

so that equation (6) can finally be written as

T/AT'' B (9)

Thus, for a ducted propeller in the static condition9 the compressor

e2ff2lIency inv•cl-;s. not only the figure of merit (ducted -Inropeller efficiency)

bi-t also the dvtision of thrust, From equation (9), it can be seen that,

given an ideal com•,ýr e.or efficiency of 1,0, the atta:'nment of a high static

figure of merit (ice,., a high thrust per horsepower at a given disk loading)

requires furtih-r that. the shroud zartry as high a fraction of the totoal thrust

0
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as possible. In other words, for the ideal case of 100% compressor

efficiency (,s I .0) we have

TV T/A A T (10)Mi T A .

It must be pointed out that one could dcfire the figure of merit in

such a way as to make it identical. with the compressor efficiency. This

would simply amount to taking the expression of equation (6) as the

definition of figure of merit. That is,

ST/. f
M 2P V-p

Th di.fi .iltv with such - definition for the ducted propeller, however,

stems from the fast tha- the final wake area A. is nct known. Therefore,

in the present report, the fi gure of merit will be based on propeller disk

area, so that from equation (2),

p (

Since a rather wide range of Dp r £oTh ducted propellers has been observed

exp•f-- (see e.g. Ref, hl., it is therefore concluded that a good

compress,- design (r-•1o0) does not necessarily produce a ducted pro-

Teilrr having a high figure of merit.

it might he noted bert+ that, according to equation (10), the ideal

fi-,- re of Trerit M.is enunl to unity only if T T, which corresponds to

th- '~rmn Lroneller. 113 soon a.; the shroud carries any thirust at all, the

Best Ava- ble Copy



ideal value of M exceeds -u-nity and is linm-i•ted only by the pcrtion of thrust

that can be 3arIed on tLie shroud, The fact that M. is greater than unity
1

for the ducted propelher need not be a matter for concern, however, since

it is not -a tru" ef-iciency (as is .) but rather is qimn-_. . measure of

the total thrust prcduced per, horsepower at a given disk loadingý

For the reasons discussed above, the present survey report will be

concerned primarily with the ducted propeller (or ducted fan) itself as

an entity and will not attempt to deal with the mass of theoretical and

experimental data pertaining to open propellers, ring wings, and compressors,

all of which are considered to be outside the scope of this report.

3.3 Presentation of Desults

Tbh papers analyzed for this report can be divided essentially into

experi-cntal. . and theoretical investigations. S-1,nce the experimental work

lends itself to a. tabulation of variables investigated and measurements

taken, such tables have been prepared (see Tables I, II and III) with

appropri ate remarks° The tables and the papers appearing in the tables

will be discussed at some length in section h.2, page 26, On the other,

hand, the details of the theoretical work have differed i:.o much from one

,, -that . tj...e were not ... as.be, instead, in

section b.1,T- 7e 13, the main theoretical methods are outlined and dis-

uusseda and the approaches taken by the various authors are considered,

Finally, the list of references contains the material reviewed which

was consioered to lie vithin the scope of the present study, as described

Bc, Copy
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4. SURVEY OF PUBLISHED DUCTED PROPELLER WORK

The addition of the ring or shroud to the propeller has produced not

only a new problem, but a vastly more difficult one than the open propeller.

The primary reason for this is that the mutual influence between propeller

and shroud is such that the aerodynamic behavior of the ducted propeller is

quite different from that of either the open propeller or the ring wing. In

addition, the number of variables is actually so large as to make a compre-

hensive study (either experimental or theoretical) extremely difficult. The

geometric variables of the problem can conveniently be divided into duct

variables, propeL.ler výiciables, and overall or combined variables. Thus, a

preliminary list might be

A. Duct variables

1. chord/diameter ratio

2. profile thickness/chord ratio

3. profile camber

h° leadintg edge radius

5, chord line orientation relative to axis

6. profile trailing edge angle

7. position of m'aximwL thickness

P, -ropeller variables

1. solidity

2o overall pitch setting

3, pitch distribution (tw-ist)

h, blade profile (thickn--:. -:-, .....

5c chord distribution (taper)

11I



C. Ovcrali var.iables

1. propeller 7- "ition within shroud

2o ratio of hub diameter to propeller diameter

3. clearance between blade tips and duct surface

h. centerbody shape (nose a'ape, tail shape, location of

max:imu thickness. tc.

5. centerbody location relative to shroud

in addition to these purely geometric variables, there are of course

the aerodynamic variables of angle of attack, advance ratio, Reynolds number,

and Mach number. Thus, the enormity of the problem becomes apparent and

would seem to indicate that the probability of arriving at an optimum ducted

propeller design by experiment is essentially nil. The development of a

highly efficient ducted propeller will therefore evidently require a sound

theoretical development supported by carefully selected systematic experi-

ments, The pitfalls of investigating the effect of a single variable with

the other variables arbit.rarily fixed should be apparent from the above

discussion, This . b disousseQ further in the section on experi-

men i,_l rcgra-ms.

The survey of the published ducted propeller work is divided into five

main categories inr this report. The first two deal re.t~etivehr .q._t 41e-h

reti-cal and experimental research pertaining to the ducted propeller problem

itself, Thus, mosti. sin.gle Jucted propeller -arrangement are consideedi

these -ecLions, with emphasis on systematic approaches aimed at evaluating

the aerodynamic effects of the variables listed above. The third section is

concernLed -;.ith cojinarisons of theory with experiment, and the fourth deals

12



with auxilia-ry devices, such as extensible slats, retractable flqps, vnners

anl bour.ciarv layer control devices, which are aimed at irrmroviKr'• dlucted

propeller performa•nce anu controL. The final section is concerned with other

and th- effect,:3 of interfering bodies, suc.n as additional ducts (as in aerial

jeep configuratLons), wing aurfaces (fan-in-wing arrangent-s) ground effects,

and the like.

h.l Theory

The gencral theoretical problem of the ducted propellcr can be stated

as follows: Given a ring airfoil, cf s-pecified camber line and thickness

distribution, insija of which exists a pressure discontinuity (normal to

the• axis of symetr) representing + he propeller disk, determine the flow

field produced in the presence of a uniform free stream. of arbitrary direc-

tion and magnitude. From the details of the flow field, one could of course.

by integrating pressures over the various surfaces, determine the aerodynamic

forces and moments as well as overall efficiency. The Kutta condition of

finite fluid vzelocitv is to be. satisfied at 'the duct trailing edge, and the

static nressure in the slipstream must. finally return to the free-stream

value at infinity.

The nroblem stated above can be conveniently divided into three f!ight

cr,ndition... each mo:-e or less representing a range of fligrtit speeds for VTOL

.ub•c-uso of th, inherent hiTh d rag of the shroud at. high speeds, practical

interesrt in tho, du1tpc! nror)n•Jlr ihms oeen generallv restricted to the lnw or

,,,. , subsonic specr: r'ange (e.g. Refs. 72, 73'0

Best Av~ 7 Copy
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I

aircraft. These are: static operation (hovering flight), -axial flow (high-

speed forward fi.Oht or vertical climb), and non-axial flow (trans'itional

flight). There are certain features which distinguish these regimes insofar

as the mathematical treatment is concerned. In the static condition, for

example, all the fluid from infinity in all directions must pass through

"internal" and "external" flow. The non-axial flow regime, on the other

hand, is distinguished by the fact that the shape of the wake centerline

is un7known, as well as the shape of the wake itself. The axial flow regine

presents perhaps the most straightforward. mathematical problem, and has

received the largest share of attention f:..om theoretical workr-.•

Since most of the theoretical work which has been dont-v on ducted

propellers and is available in the l'lerature is concern.-i -rith axial flow,

it is perhaps best to divide this work according to methi,,d of analysis. The

three general categories of analyses chosen are: (1) thýse nmploying the

V classical method of singularities, (2) those employing stritý•t.y momentum

considerations, and (,) those employing combinations C;; t.x:"se or other

teachniquo s.

L.1.! Method of Singularities

The ,~k~~Id..Ld. epeA son fS..ULb UUI1- Ve~LUJ .L4Le- e~flJI s'W

infinite, ideal, incompressible fluid due to a potentil -;ortex ring have

been known for many years (see e.g., Ref. 47). Furthe i-,ore, the superposition

of any number of such singularities to produce an arbit-a." distribution of

circulation strength (as along the chord of a duct) is s classical technique

14•



employed in the solution - rroblems in hydrodynmics (see e.g., Ref. 145).

With these implements at hand, the mathematical problem of the ducted pro-

peller (of zero shroud thickness) can be stated in one of two ways, as

follows: calculate the shroud camber line associated with a given chord-

wise vorticity distribution (or vice versa). For axial flow, or for the

static condition, the procedure is briefly as follows:

l) Place the specified distribution of vortex rings along a semi-

infinite circular cylinder representing the ducted propeller and

its wake, with the axis of symmetry in the free-stream directioui.

The vortex stren7th .- unit lerngth is cortstant b-•hind the si_-_nd

t..7aiLing edge and the Kcittl condition i to >e satisfied at, the

ti-ailing edge., Cal-culate thn axial and radial components of in-

duced velocities caused by this distribution of vortex rings,

using the it.egral expressions given in Reference hS. These

equr.:-sions involve elliptic integrals of both the first and

• ?ond kinds And ar- rathe- c'wmbersome.

T m-,ose tho bounda~r cond-tion that the normal velocity at the

shroud surface must vanish evcrywhere, so that the reslt:rt

<eiocity is parallel to tho surface. Thus,

dR r
(jx V + v

O x

whe-- v and v are the r;idi ýI and axial components of the incuced

-ieLocitv. associated ,•t-n . vortex distribution. They are

ob')tained from~t erxtn in (1) above. The re•-lting

ýTriLtI n li(x) defines the c.:. camber llne to a fIost. approxiation.
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3) An iteration can be performed by displacing the distribution of

vortex riners from the original assumed circular cylinder onto the

calculated camber line and its wake and repeating steps (1) and

(2). This process is extremely cumbersome and is ordinarily

omitted.

It should be pointed out that the problem outlined above is tlhe

determination of the flow field, and consequently the prformance, of a

ducted propeller of specified chordwise vorticity distribution, in a

similar fashion, one could determine the vorticity distribution associated

with a specified shroud shape° The effects of duct Drofile. thi kness and

of centerbodies could also be included by the use of additional distributed

singularities. However, porhaps the problem of greatest practical interest

is the determination of an optimum design for best performanceo The

assumption of either the shroud vortiicity ds.•tribution or the shroud shape,

which is required for the procedure outji4red above, precludes t.ih d•termina-

"i.ion of a truly optimam design. It appears, therefore, that some further

mathematical condition or relatiornhip is required before an optimum vor-

ticity distribution and the associated shroud shape can be determined. If

this could be done, however, the velocity distribution at the propeliei disk

Culd... h..... caculat•dý for any iocation of the propeller. The appropriate

propeller blades could then be designed by existing methods.

T1' the chord/diameter ratio of the shroud is sufficiently small, then

the -asymptotic expansion of the elliptic integrals in the velocity components

v and r simplifies the equation of step (2) irnse` . Then if each

section of the shroud is treated as a two-dimensrional thin airfoil, fairly

'A



simple analytical bj1uticns can be obtainef' by means of conformal miappingo

This mathematical devit-e vas employed by Burggraf (Ref. 2) and .... abled h.im

to predict mathematically the entire pressure distribution and consequently

the forces and moments acting on the shroud in various flight conditions.

The case of non-axial flow was included, under the assimption that the wake

forms a cylindrical extension of the shroud in the dir,,sction of the duct

axis. This assurption, of course, limits the analysis to forward speeds

which are small compared with wake velocity, but the analysis of Reference

2 represents. the only attempt at an application of the method, of singulari-.

ties to a ducted prepeller in non-axial flow.

More approximat,. solutions can be obtained, without the assumption of

a small chord/diameter ratio, by assuming the mTthematical fazr. of the shrolad

vorticity distribution (with unspecified coefficients for each term) and sat-

ivfyinri the boundary condition at a number of points on the shroud equal to

the number of unknown coefficients. This approach was taken by Helmbcld

(Ref. 29), who employed a vorticity distribution with a leading-edge singu-

larity and calculated the performance of a family of shrouds having assumed

parahoelic camber lines6 (In a later paper, He....Mbd considered the efect

of comnrcssibility on these calculations by applying the Prandtl-Glaucrt

correction to the wake (see iRefo 30),On .e other hand. Dickmann .

Weissinger (Ref. 15), who employed an elliptic vcrticity distribution,

afsumed the entire vorticity distribution (except for one paramettr car-

sporending to the pressure jump across the propeller dick' and calculated

the required shroud cambtr lines for various loadings by integrating the

alopes given by the boundary condition on the eeroud wurface. An elliptic

-L7



vorticity distribution waL --so assumed by Lerbs (Ref. h8), who carried out

a similar comprehensive analysis but did not present explicit results in the
formn of shroud shapes. Botch of these reports (Refs. 15 and 48) represent

comprehensive treatises of the shrouded propeller problem but suffer from the

limita•_ion of an assumed elliptic vorticity distributior,. Consequently, th,

explicit shroud shapes calculated rep:-esent a rather special class of shapes.

In the same sense, the shapes treated by Burggraf and Helmbold represent

other special classes (flat and parabolic, respectively) of shroud profiles.

Purggrraf's analysis, however, is the only one in which the mathematical form

of the vorticity distribution vas not assumed. On the other hand, Pivko

(Ref. 81) who assumed a snall chorcid.I.:Le't.r ratio, makes the addtional

assumption that the pertubation velocities are small compared to the flight

velocity. Such calculations are, of course, invalid for low flight speeds

and particularly for the static condition. The theoretical basis upon which

all of the ab.ove works rest is developed and discussed in Reference 45, which

also c.siders the increa.se in mass flow through the propeller caused by the

duct wiid coints out t reasons that ducted propellers show considerably

more p:romise for static and low-speed operation than for high speeds. The

mathematics of .he general ductea propeller problem were also set out and

further developed by Dickmann in Reference 16".

L.o.2 1Momentum Methods

The application of Newton's second law to the ducted propeller problem

quickl,,y yields relatioon ships between thrust and power which are of considerable

inteieEt a•id value. Thus, the total thrust of a dwted propeller in axial flow
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can be exprVessed as the product of thp nass flow per unit time through the

duct and the change in' velocity from infinity ahead to infinity bihind the

duct. That is,

T -A (vf-o) (12)

where the subscript o refers to infinity upstream and f to infirity down-

stream (inside the slipstream), A- is thus the e•'ea of the final wake.
T

(A list of symbols can be found in ýppendix C.)

It can easily be shown (fieCf 21) that, for minimum power expended, the

final wake velocity vf,, must be constant. This does not, however, imply any-

t+rhg . .out.. iLhe velocity d; si:ribution within the shroud (or at the shroud

trailing edge), which must o.rend on the details of the configuration. Tn

a similar manner, the power required in a_ 1  flow (in the absence of duct

losses, blade profile dra-g. etc.) can be expressed as the change of kinetic

energEy per unit time. Thul-,

-='-p Af (vf23)S p vf - Vo (13)

From equations (12) -and. (13), then, one can express the ideal value of

TV
either propulsive efficiency 0 or static efficiency (figure of merit)

- I _ 4 ____ Z4 1A.

P ~' 2p +~r~zof thc arca and'.*a ~ ~ ± .us h

ideal propulkive efficiency is simply

T 7o ~ 2 ()
S P. 1 + v/V

3. f 0

Furthermorce, the propeller tfhrust TP cn be x siplY as the product

of nropeller disTk area A by the pressure jump Ap across it. Application of
P

19



Best Available Copy

Bernoulli's equation ahead of and behind the disk shows this pressure jurp

to be equal to the difference between the initial and final dynamic pres-

sure. so that

SP(v, 2 ) (15)
p p 2 . . 0

and the above efficiencies can then be expressed in terms of the division

of thrust between propeller -nd shroud. Thus, in the static concition

(VO= 0) the ideal figure of merit Mican be written as

h T T A(16)
i T.T- r---

i p

which states tbhat the ideal figure of merit increases as more of the. thrust

load is shifted onto the shroud. Similarly, the propulsive efficiency T,

can bp conrOeni.ntly e=xpressed in terms of the propeller thrust coefficient

defined as

CT = P "(17)
T J.7o 2

TiNns, introducing equation (15), equation (1,4) becomes

2

*+

V p

which indicates that the ideal propulsive efficiency depends only on the

propeller loading coefficient, This development was demonstrated by Kdchemann

and J'4eb-r (Refs a. 4) and L,5) who introduced an incremental velocity 6 through

the propellei disk as produced by the shroud, •Kichemann and Weber showed

further that if the dr'agl of the shroud is considered, then the propulsive

.Lflciency depends on the overall loading as well as on thepropeller loading,
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s-r 'ha the proculsive effici,-.cy becomes •. function of 6. This fact was

used in Reference h6 in which the incremental velocit- 6 due to the shroud

was actually determined by measuring the advance ratio for zero thrust

both wJith and without the shroud.

It is worth noting that none of the above eqi~ations offers either a

value for the ideal efficiency or an explicit relationship between the

g.e'•'etry of the configuration and its efficiency. In other words, these

momentum relationships do not suffice to predict the performance of a

c;d,•cted propeller. At the present time, there appears to be no known

method of linl.nirg the unknow.m wwke characteristics (A and 'I) ',,-nth the

duct design without resorting to the nethý_d of singularities (including

iteration) as discussed in the previous section. Ln order to avoid this

difficulty, an assumption is ordinarily introducd into the analysis re-

lating the duct exit characteristics: with the final wake.

The most common asbnption, forming what we shall call here "simple

momentum theory" is that the duct exit area is equal to the final wake

area (i.e., A, - Af). It can be shown, by applying the equations of ::on-

tinuity and momentum to the wake itself. that this assumption also i .mplies

that (3) the veleci÷"ty c ..... buion at the shroud exit. ib uniform, and (2)

the stati ~r~ssure at. the shreuri exit, is erni]1 tro tht. at. infinity (r-r-

reC to as ambient pressure). In other words, in simple momentum theory.

.. C nLr- . ..... Af• o e wake 1s ajZLt . S t..u tU" a oWi .r5i• . -

cal wake of constant liazimeter, constant pressure, and constant velocity

from the duL•ct trailing edge t,_, inCinit• y.downstran.. With this assumption,

since A, (, ation• 12) and (15) yield, for the static case (V = 0),



a division of 4 brust of T /T - 1/2 A/A. Furthermore, If there is no

diffuser, A A and the division of thrust TP/T becomes 1/2. Substi-

tution of this value into equation (16) then results in a value of-

for the ideal figure of merit.

E x"camples of the simple momentum theory discussed above are found

throughout the literature as applied to both axial flow (mef. •±; 65;

82, 85, 91, 100, 102, 107 and 113) and non-azcial flow (Refs. 49 and. 89).

9The non-axial flow case is generally based on the assumrption of an axial

1. slipstream at the duct exit, an assumption which is valid provided that

T the duct chord/diamoter ratio is sufficiently large and that the forward

speed is small compared with the wake velocity.

SA second, less common and somewhat less restrictive assuription in

regard to the final wake area r-lates the wake area to the cross-sectional

*- area and diffuser angle at the trailing edge of the duct. This assumption

has b'.een discussed by Weinig in Reference 111 which brings out clearly the

niportance of the ýbgkrnrterlstics of the final wake. The mathematical

statement, which Pdmints of some expansion of the wake behind the duct

trailing edge and is based on the work of Trefftz (Ref. 103), reads an

- follows:

f (19
eA,

-where P is tho angle of inclination of the inside siufaoe of the duct

trailing edge with respect to the duct axis. This relationship and others

I pertncnt to the wake have also been considered at some length by Kruger

(Ref. U1). &quation (19) above is, of course, n pzracti3c restricted to

A"• small values of @ unless somi' means of boundw7 I%,rer control is applied.

2
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In some of the literature (e.g., Refs. 600, 61 a 5i, 614/, n -ithcr of the

abo-vc assumptionis iS introduco--, but i--ea n1l quant tie sr -tes

in terms of the duc+ eyit static pressure, which is also unknown. At this
point, either the exit static pressure is .... med to be uniform ad q-

to it prasbinre, which results in the simple momentum theory discussed

above, or else the problem is divided inlo various regimes with only iinLit-

ine cases treated (e.g.. Ref. 60). In any case. the fact remains that the

conditions across the duct exit and their relationship to overall ducted

propeller efficiency are as yet uncertain.

In an effort to achieve more realistic predictions of performance

than are sometimes afforded by simple momentum theory, various authors

have introduced refinements in the form of losses due to duct skin fric-

tion, blade profile drag, compressibility, slipstream rotation, etc.

(6ee Refs. 5, l1, 59, 6h and 95). However, the basic assumption of

uniform velocdtv in th- duct is retained, and additional assunrptions are

c-.....rl introduced for the estimation of such items as the shroud

friction drag.

•.1.3 Other Methods

The mathematical diffirulties encountered in the method of singulari-

ties have led many investigators to seek approximate methods which would

rendder tne mnthemýatics more tractab•le and yet would yicld mors .d.tailed

results than the simple momentum theory is capable of supplying, Efforts

in this direction can be generally divided into two major canegories:

(. thcse Pl?.cirz- ro.phitsiF on the propeller, and (2) those placing emphasis

on the sinroud.
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The former grcup tcndz to start with blade-element theory, as developed

for open rotors (e.g., Refs. 31, 66 and 67) and modifies the blade-element

theory to take so•e account of the influence of the shroud.

A number of papers have been written in which hovering or acial flow

is considered and the blades are designed ; in a compressor. (See e.g.,

Refs. 6, 7, 8, 75-78, 107 and 108.) In many instances, the flow through

the propeller disk is assumed to be uniform (e.g., Refs. 6, 7, 8 and 107),

and in this case the ideal performance (i.e., with no losses) agrees with

that predicted by simple momentum theory.

In tilted forward flirght (non-axial flow) the above approach can be

expected to yield reasonable results for cases in which the deflection of

the airstream caused by the shroud is relatively small, so that the ductod

propeller behaves similarly to a helicopter rotor. This approach has been

taken, for example, by Moeer and Livingston (Refs. 66 and 67) who developed

ze '-• " .... expressions for the aerody-namic characteristics of ducted

fainz in tilted forward flight.

The second approach, in which the emphasis is on the shroud, usually

c.nbi.-Li of ar approximation to the method of •ing.ular ••j.es. For example,

the shroud may be represented approximately by a single vortex ring. This

_..prc.ch taken for the uase of axial flow by Allen and Rogallo (Ref. L)

who assumed that the core of 'the single vortex had the same perdimetar as

the airfoil section of the duct profile. The single vortex ring was also

used in Reference 89 to caJculate the equilibrium pitching moments on an

isolated uucted fan in for.ard flight. It should be pointed out here that

the usq of a single ring vortex mnd the assumption of a uniform velocity
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d:.stribution through the propeller are not compatible, owing to the nature

of t.hr- veloc t field induced by the ring, The single ring vortex has also

been :sed itt combination with a sinigle source (or sink) and with a distri-

bution of sources by Horn (Ref. 34) to represent the ducted propeller in

axial flow.

The case of the ducted propeller in non-axial flow has been treated

as a ring wing by Minassian (Ref. 63), w-ho assumed that the propeller

causec' the intr'al pressures on the shroud to cancel. He then applied

two-dimensional airfoil characteristic.;i to predict the variation of total

normal force with angle of attack. These assumptions are evidently

approximately valid for small angles of attack and high advance ratios.

An electrical analogue to the method of singularities has been

developed for three-dimensional potential flow problems by Malavard (Ref.

56), who has applied this technique to the diucted propeller problem. The

boundary conditions are satisfied by the application of appropriate elec-

trical potentials at the shroud and at the wake boundary which iz assumed

tc be of constant diameter.

In suimarr, it can be stated that the theoretical approach to the

ducted propeller problem has been established along classical lines, and

LaLLha rnbhuiriabLcal meani are ait our disposal for solving thi. problem,

provided that either the shroud camber line or the shroud vorticity distri-

buticn is specified. However, there is ac yet no known method of calculating

either the optimum shroud shape or the optimum vorticity distribution for

hebst overall performance. Once the sh.ru'oud shape is determined and the

pronel]enr position is spocified9 the velocity distri)ution through the disk
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arnd the required propeller twist can be calculated by existing or mod:ofied

propeller design tochniques 'e.g., Re..so 75-78 and 108).

L.2 Experiment

The experimental work on ducted propellers which has bsen carrit.d

out and published can conveniently be divided into three categories which

correspond to the three flight regimres of VTOL aircraft:

1) Static operation (hovering flight)

2) Axial flow (high-speed flight)

3) Non-axial flow (transitional flight)

Here again, as in section h.1, wý shall be concerned chiefly with in-

vestigations of the fundamental aerodynamics of the ducted propeller.

Consequently, experimental invesbigations whose only or main purpose is

"to develop an auxiliary control dovice or tc investigate the characteristics

ot a particular ducted propeller vehicle may be relegated to one of the

next two sections titled respectively, Auxiliary Devices and Related Problems.

The investigation of static performance lends itseLf nicely to outdoor

full-scale testing, and in somrre caseS this technique has been employed,

althouch extraneous air currents can cause some difficulty (e.v.. Ref. 82').

A--+ho, ... . e is tii use of a scale moriel in a large room, but the.1
c.uesz.ion of how large the room must be is not a simple oae, annd the answer

depends upon the disk loading of the model. This question becomes espccial-

ly pertinent when "static" data are obtained in a wind tunnel, as in the

case of Yrii•'.er (Ref. hl) who points out that Uis static datai actually

corresponds to an advance ratio (tunnel spccd/tip ane-d) of abuc ).03,

I
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causing noticeable effects on the calculated figure of merit. The ver,

fact that a wind tunncl. is not required for performing static tests,

however, has generally produced a larer quantity of data in the static

regime thmn in the other two.

The axial flow regime is the one most familiar to propeller specialists

mad is treated in many text books (e~g., Ref. 21), in which the appropri-

ate tunnel wall correctiuns are derived for application to wind tunnel

measurements. Consequently, wind tunnel investiga:jnis of the axial flow

regime present no serious obstacles regarding the reduction of the data.

The non-axial flow regime, on the other hand, presents a rather

serious problem in regard to wind tunnel testing, At low tunnel speeds,

with the duct axis inclined at large angles to the tunnel axis, the slin-

stream deflection caused by the tunnel walls affects the entire flow field

surrounding the model to such an extent that the tunnel wall corrections

may becom,= 6uitc la"-g p ,.rticuer~v -t. hih disk lcadings. The usual

downwash corrections for wings arc not apolicable because of th- large

dowmwash angles involved and because. of th•-• P costee.y different nature

of the vortex w•a',.7 At. the present t.i., th.re exists no theo. . of .ind

,unnel3 wahl corrections for ducted propellers in non-axial or low-speed

flow. Th.tim-teo are so..eti.,.s made of the tunnel w.'ll effects in the

static or hovering condition by testing both inside and outside the tun-

nel, but the wall effects at low tunnel speeds and high angles of attack

remain unknown.

Specif iu :orrhation regarding, tlh: experimental research to dis-

cussed here has ,---n arranr-ed in tabular form for each of the three regimes

Best Available Copy

27



T

Best Available Copy

Sdiscussed above. Thus, Tables I, II and. III summarize, respectively, the

pertinent static, axial flow and non-axial flow tests performed on ducted

2propellers up to the present time. The items listed in the tables fall

either into the category of p-rameters which were varied or of measurements

which were taken during the test. The significance of these particular

variables and measurements will be discussed in the following paragraphs.

L. 2.1 Parameters Varied

The large number of geometric variables listed in section L has been

condensed into a 'Ley more inclusive categories in the preparation of Tables

I, II and III. Thus, ..duct -ha-.." in.ludoo all1 .uch ac chord/,

diameter ratio, duct profile, leading edge radius, diffuser angle, etc,

Such a condensation seems useful in the light of the large number oi' tests

conductsd ;.it- air arbitrarily chosen duct dsign, usually tn investiaae

the effect of some other variable. It, must be recognized, of course, that

the effect of (say) propeller location might be quite different in two

1 ducts of different design. Similarly, one could arrive at misleading con-

clusions by attempting to predict the effects of changing the propeller

blade twist by using data from another ducted propclier whose propeller is

in a ciLrerent awzia! ioccz-.on wiTt in tne auct ano hence in a region havang

a different velocity distrilution (Ref. L5).

because of .he l of k rear scale effects and w -;nd .,n

wall corrections, tests which were made outdoors or with full-:'cale r-.ieiL:

are noted in the remarks column.
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The tests in whic;h the mnst systematic variations of uuct shape over

a rather wide range were achieved appear tc I)e those of Stipa (9ef. 97),

Krliger (Ref. hl), Soloviev and Cburmack (Pief. 91h. van Manen (Refs. lO,
106), ,n:ichemann and Weber (Ref. h6). ziezenschei,_ (:-f. 81),' a Evdns

(Ref. 1) 3It is 't.,eresting to note that all of thLese t;ets except the

last (Ref. 1) were restricted to axial flow, and Reference 66 was further

restricted to the static case. On the other hand, Reironce 1, which

inc.ud.d n..ax..' Plow s restricted to small vrfhies of chord/diametpr

ratio, as were the experiments of Reference 86. At the other end of the

spectrum, are the experi-ents of 2+tipa whih ..cr. restrict! to vcr..... large

values of chord/diameter ratio. Both the Russian (Ref. 94) and Dutch

(tRefs. !05, 106) experiments were nerformed in water, and the propellers

of the former were of essentially nautical aesign. The position of the

propeller varied widely among the various tests' with no apparent attempt

at a systematic investigation of that parameter except in Reference 1.

Stipa's model had the propeller slightly ahead of the duct leading edge,

KrUger's propeller position varied, and Regenscheit's was near the duct

ur-!iKiig Tutin .Ljj Lji1W. tests for which a check mark appears in the

duct shape column were generally liuudted to tusts of only two or three

,,lff . ucts (e°g.; RLefs. 131 a-n•d 113•3) or to systematic va.l-.-

tions in one or two very specific detai'Lsof the duct shape; for e~x:mple,

loxlinr edge radius, etc. (Refs. o116 and 7h) or a given duct with auxiliar-y

"•ather detailed ~;tudies of' the effectv- of lip shape on cowlinrs (no

proneller inside the duct) are contairit,,; in Reference 71.
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slats added (e.g., Ref, 37).

b. Blade pitch

The importance of varying the propeller blade pitch setting in ducted

* propeller tests can hardly be overemphasized. Since the theory cannot

reliably predict the optimum blade pitch, and since the optimum pitch must

depend upon the ducted propeller configuration, the significance of the

S"est 6sults may be scvcrly impaired if the blade pitch is not varied over

"a sufficiently wide r-nge of angles to insure that an optimum pitch setting

is attained for each ccondition tested. In particular, results fromt- whilch

improvements in performance are attributed to a change of another parameter

may be quite mi slead.irg if this requirement is not satisfied. For this

redson, two columns are ,evo'cd to this item for the static and axial flow

regimes (Tables I and II), in which the criterion for an optimum pitch set-

`tinr has beer clearly established. 7hat is. in the statin r-nndit.in the

attainment of a maximum figure of merit M is synonnyious with optimum pitch

setting; in axial flow, the attainment of a maximum propulsive efficiency

T is the proper criterion,, (See section L.l.2) In non-axial flow, with

the ducted propeller supplying lift as well as propulsion, the proper

.rit..r..n i.-n... n ..ent but 4..t ;.:OUl. . :..... equivttl eat l-Lf

drag ratio dcfi-ned a

-. LV

jit should be noted that the achievement of a uniform velocity distribution

at the duct ex4t does not nec..sarily imply the att.ai...n of a maximu figure

of merit. The theory states only that the distribution of the final wake

nmus"t hc uniform for minimum power expended,
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h areasonable m.easur. o ffici..ency, where F is the net propulsivc

force of the device. (This criterion was used in Ref. 18.) It will be

noteL from Tables I and !I that, the optimum pitch setting was not attained

in all tests in which the pitch was varied.

c. Propellers

Two columns of the experimental tables are devoted to the variation

of propeller blade design and the number of propeller blades. In relatively

few cases were both the blade desigrn (planforrn, twist, etc. and the nunler

of blades vtiriedo In fact, f'oL- non-axial flow. only in Reference I were

these parameters varied. For static and axial flow, in some cases (e.r.,

Refs. 13, h6, 58 and 87), one or both of' these were varied, but the pitch

setting was fixed; in other cases (eog., Refs. 2L and,58), both of Lheze

propellcr pmrnipmLr., were varied, but the duct shape wu's fixed in advance.

By far the most comon variations of blade design tested have be..,n

solidity (either blade width or number of blades) and blade twis.t., The

latter variable has evidently beer! the source of controverýsy regarding the

question of it's importance in attaining high static performorce. On the

one hand, the experiments of several investigators (eg., Refs. 13 and 58)

in.ica',e TaT, oecau;e ea tniE nunuriniorm ifow at tre propelL'er plane

(hi•Tber velocity toward the blade tips) which is induced by the shroud,.

the twist of' the prooeller must be such as to match that velocity distri-

hut.ion rather than the oftron assumed uniform flow. References 1? and 58

4 +n 4: rO fA r- er,rj nk j r 1i , nir, byýr s ch ý c of '4

propeller. 01, tnhe ctru: hand, Referencs 18 and h2. show no such corres-

ponding imrpovements in 3L•tic efficiency and indicate that blade twist

31



is relatively unimportant. Reference 67 also indicates a rather small1.
effect of twist, except at the highest collective pitch tested.

There are several points worth discussing in regard to this apparent

disagreement. First of all, in both References 18 and Ul, the variation

of figure of merit with pitch setting was determined for each blade twist

"Uy making d~rect measurements of thrust and power. Thus, the maximum

efficiency of each propeller was dLrectly compared. (These maxima may

occur at a different blade pitch setting for each propeller.) Neither

Reference 13 or Reference 58 shows the va•riation of figure of merit ith

pitch setting for each blade twist nor is arny statement made regarding

thG optimum pitch setting for each twist. It is therefore difficult to:

distirnuish between the effects of ti,•ist and those of blade pitch.

S h.2.2 fAaantities Measured

a. Total forces

In almost all the experimental work of Tables 1, Ii and III. the

total thrunt or total forces acting on the model were measured directly.

A notablP exrception is the work of Grose (Ref. 26) in which both the pro-

peller and duct forces were n,asuredu individually and the sum was taken

is the tot,+i force. Another exception is the experimenta.l work'cf Hublard1

(iteZ. 35) in which onlyr the shroud thrust was measured, since the main

interest there was dn the sound .n..ration of r

Reference 20 represents the only available high-speed data on ducted

nropellerc.



Hubbard's work contains practically the only data available on propeller-

shroud tip clearance effects. 6

b. Power

Tf' the cfficiency of a duc.ted propeller ni. i+ t b+ determined

experimentallcy, a direct measurement of the power supplied to the pro-

peller is essential. Such a mcasurement is difficult, however, because

'.f transmission losses, motor friction, etc. Almost all of the references

tabulated contain some sort of power mpasurements, although some of these

are considered to be approximate. The free-flight tests of McKinney

(Refl. 57) contain no power measurements at all since the interest was

clearly focused on f, t ch.aract.ueristics, In some cases (e.g., Ref. I!),

the power was estimated fron the propeller B!4 and is not considered to

be accurate. It should be mentioned here that direct power measurements

c..... ordinarily 'be z-atlufiactorilv replaced by sl•Ptren velocity suareys7

ox by estimates based on manufacturer' s charts. It is worth noting that

the non-axial flow experiments of Parlett (Ref. 7h) contain rather exten-

sive data on the forces and moments but no power measurements.

c. Total moments

L 4ý_ 17,I ). 1- C 'laIJ. L U.W. t t; .. L I-I W i. L. 1 - 1 1loi-11 US Tfýý%Y lE; , ,

importance, depending on the application intended for the ducted propeller.

bThc effects of tim clearance as applied to a compressor were studied in

ftefe..ences 17 and 36.
7In the static case, the assumiption thaL the slipstream kinetic energy

as eual to the -ower inrnut implies a compressor efficiency 7s of 100%

(Beps vage 7C

33 Best Avadiable Cop\Y



These moments were measured in all the references in Table iii except in

the flight tests of' Reference 57 and in the wind tunnel tests of Refere-ze

26 which were restricted to small angles of attack.

d. Division of forces and moments

The division of forces and moments between the propeller and shroud

has beer less frequently determined, excent in the stati• case (Table

•,.2, this division is related to the overall efficiency (see secti;'on

3.2) and is certainly of importance in ,dcvcluping, an understrtnding of the

flow fields associated with ducted propellers in general. The determination

of the forces on the duct is naturally simpler and hence more: common than
She determination of propeller forces. In fact, in the non-axial case

(Table III), References 67 and 26 appear to be the only ones in which direct

meaurcent of"hi foyrute act-a~nr on thne nro-eller were miade, arnd Refnrrence

26 did. not cn-casure the prop.ller- normal force. In no case was the ;-,,,mený

acting on the propeller Ymeasured.

Since the forces acting on the duct can be determined either from

pre7-sure distributions or-from direct force measurements, and since the

results of these measurements rrfust differ, owing to friction losses at the

duct surface, the two methods have been distinguished in the tables. In

some cases (e.g., Refs. h, 3L1, 41, 82 and 9), b' .... thods ,ere ennloyed

~ ~c'ek. winh is. of' cour!7e, hi.vhlr dns~irahle. Atrng r~rs1r lfis-

tri• ,icno-ire w Xthh emelor usef hin lri the details of the surf.ace flow,

it must be recognized that direct fcrce measuremEnts are gernerally more

-idKe J determinin the total forces acting on the dur'.,. In contrast,
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to the number of duct force measurements, the moment aoting on the duct was

measured in only one case (Ref,. 18). However, the measurements of Reference

18 were no doubt influenced by flov separation which was observed on three

of the four duct,, tested.

e. Pressure distribution and velocity survey

The details of the flow field are perhaps best exhibited wlien both

~ct nre•:•4re distributions -and velocity surveys inside or outside the duct

are mrivde. iL can be seen from the tables that reaatjh.ely few investigators

observed both of these items. Io fact, in the non-axial flow regime (Table

iII), Reference 67 is evidently the only one,. Even in the axial flow regLme

(Table HI), there are only three cases (Rtefs. b, Ll and 58) in which such

measurer-,ents were made. In the static case (Table T), a number of investi-

8gators took nrps-ure distribution ,,easurements and made velocity surveys.

One of the most detailed studies for the static cann is the early work

of Platt (Ref. 82) i-who observed flow separation from the duct leading edge

at loi.w propeller RPMI. But in axial flow, Kridger (Ref. L1) obtained pres.-

sure distributions on a number of different ducts both with and i,.ithout

pronellers. KYtruer's repo'vt also contains limited smoke studies of the

wake bc:ind dcucted propellers. For the static case, perhans the most ex-

tensive collection of velocity surveys within the duct (for a given duct

with various propellers) appears in a report by Colton (Ref. 13) who also

UIt should be noted that Reference 70, which apparently reports on one of

tr ,most comrfj.'.ý-te ductud! propellor prorrýois carried out to date, does not

preocnt n.n-V actual data other than hoverinr perfor-ance.
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measured the duct lending edge pressure distribution and presents some

smoke studies of the propeller., tip vortices within the duct. The work of

Evans (Ref. 1) also contains some detailed velocity distributions in the

static condition, as well as some detailed duct pressure distribution in

non-axial flow.

in sun'.aar-, the pertinent e . ;..tal dana which ha-ve been published

on .-c,:ted propellers have been condensed into tabular fore and discussed in

the- foregoing, paragraphs. The purpose of tablating these reports along

with some of the more basic parametric chý,,zes and measurments is twofold:

first, it orovides a brief outline of the test data contained in each re-

port and thus aids in the selection of reports covering a desired pnrarneter

or type of measurement; second, by displaying the narameters varied and

the measuremernts taken, it shows the direction which the majority of ducted

Qrobe'_ieP exerimnclt6 have taken anLd, perhaps of more importance, indic-te's

the areas in ;hich little or no testing hrts been conducted.

L.3 Comparisor of Theory and Fxperiment

Efforts to compare ducted propeller experimental work with theoretical

calculations have fallen generally into several distinct categories, and

e..-h of these will 1h0 disr'ussePc in order of' norularitv. based unon the

surrey conducted.

"..st con~on of conparisons i c +b= eraturo i the comparison of

srvcd nerfoornnnce with tl-at predicted by simple momentum theory. Since

thc. orniy ::voretric nparametor enterin,' into this theory is the diffuser area

rati. . ,:hich is limrited by the practical ccnsiderations of flowj separation,

_i..Ž va4 iatia n r-7i -r, q r nqmnnt.Pr. nnt. renr,'•,i rO In thre theor is possi hle .
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As a result, the agreement varies notice-ably, indicating the importance

of other parameters. Perhaps the classical comparison of this type was

mad-e by Platt (Ref- 82) who tested a very- limited but so.-,-.,ehat systematic

set of shroud shanes in combination with two counter"rotating propellers

of four-foot diameter under static conditions out of doors. The agree-

ment in this case was good, with the best design tested showzing about

: o" t ..... ideal static performance indicated by simple momentum theory.

On the other hand, the exhaustive experiments of Kruiger (Itef. Li) showed

poorer agreement with the simple tneoxy, pat-iuulail;, 2 - . z: . tY-

and longest shrouds tested. Ya~iger's expriments (which involved a model

of about 1.. inch diameter tested in a h.2 foot diameter wind tunnel)

-P-rth1cr in-dicated that ch shr-ud could car igiiatl eetan~*C

of the total static thrust as predicted by simple mor•entu theory. (In

Kr•dger's tests, one shro.d, carried 65% of the thrust.)

Comparisons of experimental results with the mor;, sophisticated

theoretical method of singularities are naturally more sparsely scattered

through the literature, since a large number of variables are involved and

the calculations are correspondingly more difficult, a separate lengthly

calculazion being required . .. .• ch configuration. Very" often, because of

the nature of the analysis, comnarisons of theDory and exporiment are mede

on the basis of a parameter which is not. ordinarily r-,,asured. F"or exe=ple

the "inrc. nal" advance ratio may be used instead of the ordinarily measured

advanc-e ratio based on fli,,ht (or tunnel) speed. Examples of comnarison -,

of experimcnt w-ith the method of singularities can be found Ji-° References

1, l• and ):6.
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A third approach is the use of experimental data tc provide empirical

constants to complete an analysis based orn semie..pirical methods. This

approach was taken by Moser and Livingston (Ref. 67) and by other investi-

gators who bave proposed modifications to momenti±m theory to account for

various losses (e.g., Refs. 5 and 10).

Perhaps the most desirable type of comparison is that in which a

theory is first developed for an optimum design which is then built and

"!-strd and the performance compared with that predicted by theory. At

the present time, there is no theoretical method which yields an optimum

._ u iio such comparisons are availab.16

L.L Auxiliary Devices,

Since many of the proposed VTOL vehicles employing ducted propellers

rely on the ducted propeller for both lift and propulsion, and since much

cf the ducted propeller work in this cao!nt-, has emphasized vehiclo d-sign,

considerable worL has been done in developing auxiliary aerodynamic devices

to augment thrust and to provide the pitching and rolling moments necessary

for aircraft control. Although such devices are not considered to represent

an integral part of the ducted propeller problem, it is felt worthwhile to

mention and document the developments along these lines. Additional infor-

antion pertaLning to some of these in- estig-ticns can be found by referring

to Tabols I, iT and III.

Because of the apparent conflicting duct design requiremrents for

sta "c operation high Corward fii*4) ,* , (in essentially axial "low),

-.... ...... 1c -. fc thatt, some t,::e of variable-geometry inlet might be

z'ec:ircd for citct,.d ,:,opellers to give good efficiency throughout the speed
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range. Ai a re,,lt, rimber of 4uy,1:1nry devJlmn, inoludinr boundary

layer control and circulation control. have been proposed for improving

the static performance of ducted propellers. In particular, retractablec

flaps and slats have been tested by Krdger (Ref. L4l), Johnson (Hef. 37),

Regenscheit (Ref. 86) and others, and a considerable amount of work has

been done with disLributed suction BLC (Ref s. i2 and 8h) and with auxiliary

vanes and stators (Refs. 6, 7, 8, 9, 41, 87 and 113). More recently, exp!eri-

r=;~•i have been carried out in which attemnts were made to expand the wa:-e

(or induce more flow through the duct) 17 b!r,-inF, outward at thp •uct

trailing edge (Ref. 83). In cases where the original design exhibited low

static efficiencies to begin with. irprovements were sometimes obtained

with boundary layer control (Ref. 12). However, in no case has it been

conclusively shorm that any of these devices produced a higher static

thrust per total horsepower input at a given disk loading than that

measured by Platt for the bare ducted propeller.

Perhaps the largest portion of work along the lines of auxiliary

devices has been in the direction of alleviating the large nose-up pitch-

ing moments developed on a ductad propeller which is moving through the

air in a direction essentially normal to its axi~s. This proble, is of

nqrt~i nei!_ r nonr in quh vrir n' =+J'n flr-irzi ntfrms ,ndi aerinl e

(Rnfs. 1., 2, 18, 23, 59 and 89).. in which some means must be provided to

'Sheets (Ref. 92) did Zoe -work on slotted blades for compressors which

""h be .. .le to ducted propellers.
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supply the moments necessary for trimmed horizontal flight. Con6equently,

a number of investigators have tested a great variety of inlet vanes w

(refL. 1, 20 22, 23, " 33 88), x vae ...... l, 20, 22, 23, 2lc

33, 52, 53. 57, 59, 881, spoilers (Refs. 11, 14, 23, 53), deformed ducts ir

(Ref. I) etc., in addition to the helicopter-type controls of cyclic I;

(Ref. 59) and differcntial collective pitch (Ref. 1).

Such auxili=ry devices generally have a deleterious effect on tne

overall efficiency of the ducted propeller in both hovering and forward a

a compromise between performance and control, and tne losses in efficiency ir

associated with each atxiliary device must be determined. This require- iT

ment has, in fact, been the Litpetus for many of the above investigations, rc

;nd the results have va:ried according to the partticular vehicle involved. di

h.5 Related Problems

In connection with ducted fan VTOL vehicle design, stability and

control have represente-d major problems, although they are not actuall2y

a part of the basic ducted propeller problem, being inore intimately tied
pI

to a particular arrangement. Several rather thorough dynamic stability
a

analyses have been carried out (e.g., Refs. 1, 23 and 25), but it must

be rerembered that the significance of a dynamic analysis is tempered by
f•

the reli.t.U Iity of the aerodynamic stability •e,•.vat.vc data upon which

iL is based. In general.. reliable stability derivativcs are not avail-

ablc, noz are methods available for predicting them theortically. Tvo

reasons f or the lack, of such data, of course, are the large swu,' u.
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v=riables involved and the large number of points required to give accurate

values of the slopes of the aerodynamic data curves, DifficuIties with

longitudinal instabilities have been found for single-duct flying platforms

in forward flight (Refs. 3, 25 and 93), and similar difficulties with

lateral instabilities have been noted for multiple-duct aerial jeep vehicles

(Refs. 1 and 23).

The development of multiple ducted propeller vehicles has introduced

a n,.vb-'r of problems which are not necessarily fundamental to the ducted

.. •'>l ;r i--T÷'E From the q"-ndnoin+. of aerodynamics, all of these prob-., ... ..... .. _ •" ". ...... ... ......... . ... .... ,.... . . ..

lems are embodied in the problem of aerodynamic interference or the

interaction of one ducted propeller upon another. This prohlem is closely

related to the determination of the entire flow field produced by a single

ducted propeller, and a limited amount of work has been done on. the inter-

ference problem it•s-l••, e.the.r by testing a ducted propeller toth alone and

in the presence of a second ducted propeller (Ref. 1), or by testing two

ducted propellers in both the tandem and side-by-side configur:ations (Ref. 23).

A problem which is closely related in many ways to the dlicted propeI.e"r

problem is the so-called fan-in-wing concept. Here the fan is embeodded in

a winp surface with its axia essentially normal to the plane of the wing.

for take-off 4n- X-'"
iri- ±aea In utbiriý zuuii u-ii dxivýierin fo 'V0 aJ*rcraZ-` Lz -ý 17OG V-

for take-oft and landing and rely on the wing for -erodynmnic lift at high

s;eeds. The probler here- is somewhat different fromi the pure ducted pro-

:)eller problemn 4n several respects, and f-- t-is roason, such arrangements

,ill not be considered in detail in thds report. The primaryf difference

(ir. the st;itic condition) stems from the addit-onal surface (the wing) and

the a.ociated very .'estricted length of duct for such "ducted" propeliers.
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The wing surf z,,;e inhibits the flow over the shrcud leading edge and pro-

duces a different flow f.eld at the duct entrance. Since the propeller

is, of necessity, located near this duct entrance, this also charnges the

flow through the propeller and renders it perhaps more sus.er.tib .. to

asymmetric dynamic loads in low-speed flight. Published material (pri.-

marily experimental) can be found in References 20, 24, 27, 32, 67, 102,

109 and 110.

Thc influc nce of ground proXi"ity a p ,bc which i f m4jo

concern in all VTOj designs. In the case of thie duCteu pr'Ouj-r, tChe

ground effect is somewhat complicated by the fact that. the effect on

wit:I L~± ~ ... L± U .LUJ L iz _L: U11~ .UL L 'AI' Ui t.

investigations have been made of the ground effect on the performanco of

ducted propellers in various arrangements (Refs. 14, .54 6? 60 and 86) and

"measurements have been made in Reference 19 which indicates an increase

nf pronpU.er thrust and a decrease in duct tl..zst as the ground is ap-

proached. Ccn s;iqu:rly, it might be expected that the ground effect on a

ducted propeller arrangement will depend on the configuration, and the

ground effect on a fan-in-wing azrrangement might he quite different from

that on a ducted-propeller arra.ngernt because of the pressures induced

on the wing.

It is, in fact, for the above rea.!ons that the fan-i.b-wing concept

itself is considered to be outside the scope of the present report, and

none of the experimental reoorts dealing exclusively with fa:n-in-winiY

arrangements have been entered in the experimental tables. On the other
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hand, experimental work on both multiple-duct arrangements and ducted-.

propeller ground effect hacn been included vitb the isolated ducted

propeller work and can be found in Tables I, II and III.
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1 ~ ~~. STATE OF THE ART -. CONCLUSIONS AND REO4BDTOS

A thorough-search of the available. literature from all parts of the

Iglobe has uncovered a total of 216 reports, papers and notes pertaining

to research on ductcd propel ers. A study of 'these reports haz rov~zaled

that, of the original 216, 1211 contained research information pertaining

*to ductued propellers per be, as distinrguished from compressors, propellers,

rotors, and ring wings, and these are listed alphabeticaliy in -the list of

7-cferences (section 6ý Of thase 121- references, 37 which contain pertinent

experiznental data have been summarized in tabular form (Tables 1, 11 and III)

to indicate the typee of invest~gation which have been made and areas in

which experimental data arc* lacking. A discussion of the various itemns

appearing in Tables !,I and TTT is contained in section 14.2. The theo;-

retical work does not lend itself to a similar- tabular sun-mary, owing to

the many subtle but important differences of approach used by the various

authors. Huwzve-r, thle methods employed car, hL generally classified as

falling into one of three categories: the classical mp.thod off singul-ar-i-

tie, mmenum ethdsand~'ther methods" In which attempts are made to

a. ~furnish more detailed informration than the momentum theory without resort-

ing to the somewhat ctumbersome method of singularities. Each of' those

categories has been uIscussed at some Thngflh; Rd vei~spapcrn hb-vr b-en

I ~singled out for closer scrutiny in section 14.1.

As a result of the critical ovalunt~ion of the 12114 reports r3elected

A ~for study, the following general nonclusionsý and recommendations are made-

1. Owing to thle nature of the flow field produced by: the
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propeller, the propeller sh-roud problem is distinct from both

the plane airfoil and ring wing problems (particularly in the

static condition). It can therefore hardly be expected that

an airfoil shape which was developed for a completely different

situation (i.e., umiform undisturbod flow.) would bte suit-bLc .f or

this application. Consequently, the development of a highly

efficient shroud shape appears to require a systematic experi-

mcntal progran of similar magnitude to those carried out for

the development of an efficient wing profile shape. FNrtherr

more, each shroud should actually be tested Jn combination with

a propeliGr designed for that shroud. Initial efforts in this

direction h.ve be. nmde by Stipa in italy, by Kruiger in Germany,

and by Soloviev and Churmack in the USSR, but these investigations

were limited to axial flow and were not aimed at VTOL applications.

2. The ducted propeller problem is also distinct from the com-

pressor problem. A good compressor is therefore not necessarily

a good ducted propeller. That is, a device which produces thn

largest pressure increase for the sm'- 1leet expenditure of kinetic

energy does not necessarily produce the most static thrust per

'horsepower at a .iv.n Hint .li.g. ... c.... - ULiMffence arises

from the imnortance of the distribution of thrust between shroud

and propellero It ;0an be shown riuýthemnti-al y that an efficient

ducted Dropeeller must eav-y as 1arge a rortion of thi total thrust

on the shroud as possible. This is the primary reason that the

most 6ffic!rnt ducted propeliers thus far developed for static
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operation hqve, not been those employing the so-called belh-mouth

shroud share as was expected earlier.

3. Tn spite of the very elegant techniques Aich are available

for al n,7 1.74t+ht + uct Y,+ .ropeiier -robiemn as a distributon of

elementary vortex rings (method of singulari ies), either the shroud

vorticity distribution or the shroud shape must be assumed0  There-

fore, neither the optimum vorticity distribution nor the required

shroudi Shape sano ..... iec.gn are ' .... ..- 1.i time. -ven

the ideal performance to be expected of such an optimumr design is

unknown.

4. The relationship of the final wake characteristics to conditions

at the shroud exit is unknown and is ordinariiy assumed in appiica-

tions of the momentum theorem in ar .ffort to obtain explicit results.

,. It is this relation,3hip that would se, to require investigation and

may provide the missing link for det". '- r- -•ntimum design by

the methiod of 3ing?.ýarities. That js• is 4. -*te-mine an

optimum velocity distribution at the duct exit which would assure

optimum performance by generating a uniform final wake of maximum

rrr,-qo(i. 1 n I.hpn __ r'il d desig - t

by the method of sinjcularities and an optimum nropeller for that
thruud b.y •5dstib• •I'dOc~lt' Utib If~ii ttidHliiiqtlti

5. The static performance rredicted by "simnle momentmn theory"

(i.e., ajsuming a wake of constant d-a-eter) has ezsenloallv been

L6
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achieved by P.Latt (ef. 82.) without either hi-h-solidity fans or

bell-mouth duct. However, whether or not this theory represents

the best possible static performance, and, if not, how to improve

on it, remain open questions. For the high s"eed regime (i.e.,

m:!I f'loW), Grose (Ref. 26) has measured propulsive efficiencies of

0.69 at a free-strenrh Mach number of 0.6.

(is Thý. importnnop of noi @t'f~ot on diiatid propo1I1er ohrlar~p

int-lof, hnn npnrnntly rn~rfivrd iittlP mttntt1r'n* P'xpor imon tol~

data on geometrically similar models of different scale (in suf-

ficiently large wind tunnels) are needed for the proper evaluation

of scale effect.

7. A numbsr of investigators have studied special ducted pro-

peller problems such as the effects of diffuser angle, propeller

solidity, propeller position, tip clearance, b]2de twist, etc.

In most instances, however, these effects were studied iunder very

special circumstances (e.g., fixed-pitch propellers, specified

shroud, etc.) so that it is difficult to draw any general. conclusions.

It does appear that there is agreement on one of these effects:

noiirrIiy;i Uint. P-r.~s'r tip c1,Pr r:ne. hp~ a dplpterious effect

on performance. The effect of blade twist is v, subject of contro-

vcrsr;, since conflicting results have been obtained by different

investigators (e.g., Refs. 18, hl and 13, 58).

1;. Simrle comnprlInn plots of ducted Dropeller static ,:erform=%ne

in which full-scale flying test beds and wind-tunnel models are



I
directly compared can he ouivcc misleading, owing to lifferences

in transmission losses, possible scale effects, and different

[I methods of applying corrections to measured values of thrust and

power. Therefore, no -,ich comparisons have been presented hore.

9. There appears to be little agreement regarding the t:pe of

I corrections (if -ny) to be applied to wind-tunnel data for ducted

propellers. No attempt has been made to develop tunnel -wall

corrections for ductcd propellers in non-axial flow, although

I static tests of the same model inside and outside the wind tunnel

have indicnted differences in thrust of the order of 15% even at

Ii relatively low disk loadings (e.g., Ref. 67).

In view of the interdependence of the effects of the various oara-
m meters, it iL nonsidered ens;ntial that the effect of each variable be

I nestigated under variable constrairts. Thus, if, for exam-,le, it is

propo3ed to investigate the effect of tip clearance on the static per-

I formance of ducted propellers, one should also

a) var.y propi0ýr pitch setting to determine entimuum setting for

each case,

b) test effect with several systematically related shroud shapes

designed to avoid separation,

Sc) vary propeller position within the shroud,

- d) vary propeller tWist and planformn.

e) measure total thrust, shroud thr-st, powcr supplied, rhroud

Spressurm distribution, and velocity distfibution ahead and

behind the proneller.
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Conmpromises will, of course, h&a.e to be made for practical reasons,

but the ducted propeller problem cannot be satisfactorily handled by

testing isolated effects with all other variables fixed. The results of

such .t...t.. can h• rpn thronughout the !iteratre+

parameters (e.g., boundary layer control) further intensifies the need

for a more general investigafion.

it should be pointed out that for many of the questions (both experi-

mental and theoretical) discussed above regarding the aerodynamics of

ducted propellers, even a static investigation would be useful, thereby

reducing the number of parameters by two (advance ratio and tilt angle).

=• ,.'gthe tests either outdoors or in a sufficiently larg-e rcoom

has the additional advantage of eliminating tunnel wall effects.
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I
AP7ENDIX B

DUCTED FAN SYMPOSIUM

A sym-rosium was held at the Massachusetts Institute of Technolowy

on Dec'ember h, 5 and 6, 1958, for the purpose of promoting an exchange

of information among the various workers in the field of ducted Dropellers.

The s�yposium was sponsored Jointly by the United States Army Transportation

Corps and the Massachusetts Institute of Technolopy. and was attended by

representatives of the following organizations:

4. Bell Aircraft Corpora.tion, Buffalo. ,New York

Bell Helicopter Corporation, Fort Worth, Texas

Bureau of Aeronautics, W-,qshingtcn. D. C.

Chrysler Defense 7igineering, Detroit, Michigan

Collins Radio Company, Cedar Rapids,.Iowa

Cornell Aeronautical Laboratory. Buffalo, New York

SC- David Taylor Model Basin, - ashington, B. C.

Doak Aircraft Company, Torrance, California

General Electric Comp.any, Cincinnati, Ohio

Georgia Institute of Technolog y, .De.nartment of Aeronautical Engineering,
Atlanta, Georgia

Guodyear Aircraft "orporation, Akrori ohio

Grumman Aircrnft Thngineering C,•rporation, 3ethpage L.I., York

I!arnlto4. 3tandard Dývi.sion, United Aircraft Corporation, N.'indsor Locks,
Connecticut

Hiller Aircraft Corporation, Pal' Alto, California

LanC]ey Researc! Ce'nter, NASA, Langley Air Force Base, Vir.inia
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Massachusetts Institute of Technology, Cambridge, Massachusetts

Mississippi St'ate College; Starkvill1 Mi•.rv

National RHsenrei Co(thncil, Ottawar, Cnadýa

Office of Chief of Research and Development, 11. S. Army, 'ashirgton,
1) C.

Office of Chief of Transportation, U., -.. Army, Washington, 1)..

Office of Naval Reseaxc-a, 'n":h½..ton, D. C.

Princeton University, Princeton, New Jersey

Piasecki Aircraft Corporation, Philacelphia, Pennsylvania

Research Depatrtieant, United Aircraft Corpo.'a.icn, East Hartford,
Connecticut

Transportation Research and Engineering C'...and, Fort Eustis,
Virginia

University of Wichita, Wichita, Kansas

Vertol Aircraft Corporation, Morton, Pennsylvan.ia

4right Air Developmrrent Center, ,,right-Patterson Air Force Base,
Day ton, Ohio

As a result of the above symposium, the papers listed below were

made available to the participants:

Campbell, J. P.: Ducted Fan o at, the A SA•LAn Tg ey Rese.rch.
Center. (Conies unavailable)

rhillier, W. R. : Notes on a Convertible VTOL Propulsion System.
tckneral Electric Cox)ann,'. Fli•,ht Prominl qIn jn'.orp+ry nepDrt.ment.

(Ava~labi! copies imrited to 2ý)

Anon.: <rP'Jminary Test Results of a Twin-Shrouded Proneller
Arrar•men, Coullini jiadio Cotmanv, (Co,.ies available)

lA,,o.. STOL,,,'VT.. Research at Cornell Ao .n..t:ca' ... or..or., ltc.
(Co-ies available through Corn=!]. Aero Lab Lihnary)

Anon.: Shrouded Propeller Investination at the David Taylo•r M.cl
as n. (Conies available)
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Gorton, J. V.: Chrysler Defense Engineering's Work in the Ducted
Fan Field. (Available copies limited to 30)

Grahamej>W. E.: A Review of Ducted Fan Research at Grumman Aircraft
Engineering Corporation. (Copies unavailable - same material in •.S
Rc-ort 59-59, see Reference 20)

Grose, R. f•M Report to the Ducted Fan Symposiu•n f- "n Investigatior
of. Shrouded Propellers CoriducLed by the Research 23ep4Trtnent of Uniix`Z
Aircraft Corporation, Report UAR-C0h4. (Paper included .R. • .ence 26)

Anon.- Summary of Hamilton Standard Activity on Shrouq.d Propellers
for Period 1957 - 9•o U.nited Aircraft Corporation (Digest of:
Rohrbach, C.: Analytical Study to Determine the Important Parameters
of Vertical Lift Shrouded Propellers, Hamilton Standard, Division of
United Aircraft Corporation. WADC Technical Report 5P8-?62, M.:v, 19S

(ASTiJ TP Jp55 589))

Jackes, A. M.'- Duct...d Propeller Develooments at. Bell Aircraft.
(Copies availbole'

Johnson, R, S, Jr.: The Ducted Fan as Applied to the Convoplane
Concept. Goodyear Aircraft Corporatior. (Copies availagble)

Anon.- Ducted Fan R-search at Massachusetts Institute of Technology.
(Copies availalule )

Nelson, N. E.;: Te Ducted Fan in VTOL Aircraft Design. Doak Air-
craft Company, Inc. (Copies available)

Anon.: Ducted F=n 7esesrch at Pr'nceton University. (Copies available)

RasprL, A.- Ducted Propele.cr Studies at Mississippi State University,
Re.---arch Note No. 7. (Available ,n loan)

Sissirngh, G. J., S~acs, A. In : Comments on Present DLcted Fan Research
at +he Advanced Rese.roh Division of Filler Aircraft Corporation.
(Copies available)

Stennvswki-. 1. 7..t Vprtol's Work in DucLed Pans - tesuime of a
Presentation Givan at MIT Ducted Far, S.ymposium. (Cories available)

WJat tson, R. K.: 3cme 9esuits of Tests of Shrouded Pro-
'.r. iv-ru.- of ethitofh (Corde,?,Pro-

Best Available Copy
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LIST OF SYMBOLS

A Duct exit areae

Af Final wake cross-sectional area (at infinity dotnstream)

A Propeller disk area
p T

p ' A

q tLf,.-. )gure of rmey.":,

P Power input to propeller

LT Prcssure jump across propeller disk

T Total +~u.'-XIf1 'A'!

T Propeller thrust (azdiaj.
p

v Axial vecotit-r at propeller disk

vf Final wake velocity (axial flow)

V Free-strean or flight velocity
0

T V
Propulsive efficiency (axip:-c flow), o

_ :Latic efficiency, slipstream kinetic ener~v

power input

p Fluid mass density

Subscript

I Ideal
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